INTRODUCTION
============

Acute pain has been strongly correlated with chronic postoperative pain in clinical studies \[[@B1][@B2][@B3]\]. These studies have demonstrated that the incidence and severity of chronic postoperative pain can be predicted through experimental pain assessment. In addition, the findings of these studies indicate that a new strategy, involving preemptive analgesia, may reduce the postoperative pain arising from surgical wounds and thereby treating postoperative chronic pain. This concept is supported by clinical reports that preoperative regional anesthesia or epidural opioid analgesia significantly can reduce subsequent acute postoperative pain by blocking the sensitizing effects of surgical stimulation \[[@B4][@B5]\]. The ability of preemptive analgesia to decrease postoperative pain has also been demonstrated in animal studies. Preemptive epidural administration of the local anesthetic bupivacaine with morphine effectively produces analgesia in dogs and cats that is longer-lasting than the analgesic effects of morphine alone \[[@B6]\]. In addition, preemptive treatment with 2% lidocaine reduces the postoperative neuropathic pain associated with sciatic nerve compression \[[@B7]\]. These results suggest that preemptive analgesia, or early pain control, attenuates the progression of chronic pain caused by surgical lesions. However, the mechanisms underlying the antinociceptive effects of preemptive analgesia in trigeminal neuropathic pain remain unclear.

QX-314, a membrane-impermeable quaternary lidocaine derivative, has no effect on neuronal sodium channels on extracellular application. However, co-administration of QX-314 with capsaicin, a transient receptor potential (TRP) V1 receptor agonist, produces long-lasting sensory-selective blockage \[[@B8][@B9][@B10]\]. An activation of TRP V1 channels by capsaicin allows QX-314 to enter TRP V1-positive neurons, producing an analgesic effect by blocking sodium channels intracellularly \[[@B8][@B9][@B11][@B12]\]. However, no studies have evaluated the effects of preemptive application QX-314, which induces long-lasting analgesia, on the development of trigeminal neuropathic pain following nerve injury.

Voltage-gated sodium channels (Navs) in the trigeminal ganglion play a critical role in modulating nociceptive sensory signaling. Tissue and nerve damage alter the expression and function of specific α-subunits of Navs, which can change the excitability of sensory neurons resulting in chronic pain conditions \[[@B13][@B14]\]. However, there is no evidence for a role of Navs in preemptive analgesia-induced antinociception.

Herein, we investigated the effects of preemptive analgesia on the development of trigeminal neuropathic pain. For this purpose, mechanical allodynia was evaluated in rats with chronic constriction injury of the infraorbital nerve (CCI-ION) after preemptive perineural application of 2% QX-314 to the infraorbital nerve. Additionally, we examined changes in the expression of glial fibrillary acidic protein (GFAP) and phosphorylated-p38 (p-p38) in the trigeminal ganglion in these rats following CCI-ION, to investigate the mechanisms underlying the anti-allodynic effects of preemptive analgesia. We also investigated the role of Navs in the antinociception produced by preemptive application of QX-314 by analyzing the changes in the expression of Nav isoforms in the trigeminal ganglion.

METHODS
=======

Animal
------

Experiments were performed using male Sprague-Dawley rats, weighing between 230 and 260 g. All procedures involving the use of animals were approved by the Institutional Animal Care and Use Committee of the School of Dentistry, Kyungpook National University (approved No. 2015-0053) and were carried out in accordance with the ethical guidelines for the investigation of experimental pain in conscious animals of the International Association for the Study of Pain. Animals were maintained in a temperature-controlled room (23±1℃) with a 12-/12-h light-dark cycle. Food and water were freely available. All experimental procedures were performed in a blind fashion.

Trigeminal neuropathic pain
---------------------------

Surgical procedures were performed under ketamine (40 mg/kg) and xylazine (4 mg/kg) anesthesia. Under anesthesia, CCI-ION was performed based on the original description \[[@B15]\] with modifications \[[@B16]\]. A 1cm-long incision was made along the gingivo-buccal margin. The incision was begun proximal to the first molar. Approximately 0.5 cm of the infraorbital nerve was separated from the adhering tissue and 2 ligatures (5-0 chromic gut) were tied loosely around the nerve. The incision was sutured at 2 points, using 4-0 silk. The sham operation was performed without ligation of the infraorbital nerve.

Evaluation of mechanical allodynia
----------------------------------

Rats were tested 3 days before the CCI-ION and at 1, 3, 7, 10, 14, 17, 21, 24, 30, and 40 days after the surgery. All behavioral tests were conducted between 0700 and 1800 hours. The withdrawal behavioral responses produced by 10 successive trials of a ramp of air-puff pressure (4 sec of duration, 10 sec of interval) were examined as described previously \[[@B17][@B18][@B19][@B20]\]. The intensity of the air-puff pressure was controlled by a pneumatic pump module (BH2 System; Harvard Apparatus, MA). Air puffs were applied through a 26-gauge metal tube (length, 10 cm) located 1 cm from the skin at a 90° angle. The evoked receptive field of air-puff stimuli was limited because a 26-gauge metal tube was used for application. The air-puff threshold was determined as the air-puff pressure at which each rat responded in 50% of the trials. The cut-off pressure for the air puff was 40 psi, as described previously \[[@B21][@B22][@B23][@B24]\]. The naïve rats did not respond to a pressure of less than 40 psi. A significant decrease in the threshold for an air-puff response, compared with the pre-operative values, was defined as mechanical allodynia.

Immunofluorescence staining
---------------------------

Seven days after CCI-ION, anesthetized rats (n=4 per group) were perfused through the ascending aorta with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The trigeminal ganglion was then dissected out, postfixed in the same fixative at 4℃ overnight, and then placed in 30% sucrose in 0.1 M phosphate buffer overnight. Transverse frozen sections (free-floating, 20 µm thickness) were obtained using a cryostat and processed for immunofluorescence. All sections were blocked with 5% goat serum in phosphate-buffered saline containing 0.2% Triton X-100 for 1 h at room temperature and then incubated overnight at 4℃ with primary antibodies for GFAP (satellite cell marker, 1:4000; CST, Boston, MA), and p-p38 MAPK (1:200; CST), and activating transcription factor-3 (ATF-3, neuronal injury marker, 1:2000; Santa Cruz Biotechnology, Santa Cruz, CA). Following incubation, tissue sections were washed and incubated for 2 h at room temperature with an Alexa 555-conjugated rabbit IgG antibody (1:200; Invitrogen, Carlsbad, CA).

For double immunofluorescence, the sections were incubated with a primary antibody mixture of p-p38 MAPK and NeuN (neuronal marker, 1:5000; Millipore, Temecula, CA) or GFAP (1:4000; CST) overnight at 4℃, followed by a mixture of Alexa 555-conjugated rabbit IgG and Alexa 488-conjugated mouse IgG (1:200; Invitrogen). The stained sections were then observed under a fluorescence microscope (BX 631 and U-RFL-T; Olympus, Japan). Co-localization analysis of immunofluorescence images was performed using a confocal laser scanning microscope (LSM 510; Carl Zeiss, Jena, Germany).

Quantitative analysis
---------------------

Twelves sections (three sections from each trigeminal ganglion) were examined in each group using a fluorescence microscope to quantify ATF3-immunoreactivity. The number of ATF3-immunoreactive neurons was counted at 400X magnification, using a counting grid. To quantify the GFAP and phosphorylated p38-positive cells in the trigeminal ganglion, images were captured from the trigeminal ganglion in each condition: sham, CCI-ION, and QX-314 + CCI-ION. The threshold level for defining cells as immunopositive was set at 15 grey levels in images with 0-255 gray levels. The images were captured at 20X magnification in the ganglion area using Image J software (NIH, Bethesda, MD) \[[@B25]\].

Western blotting
----------------

Rats (n=6 per group) were sacrificed on postoperative day (POD) 7 by decapitation. The trigeminal ganglion was immediately removed from each animal and quickly frozen in liquid nitrogen. Samples were sonicated with Biorupture (Cosmo Bio., Tokyo, Japan) in a lysis buffer containing protease and a phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL). For western blotting, total proteins (40 mg) were separated in a 4%-12% gradient NuPAGE Novex Bis-Tris gel (Invitrogen) and transferred onto a nitrocellulose membrane. The membranes were then blocked with 5% non-fat milk in Tris-buffered saline with 0.1% Tween 20 for 1 hour at room temperature, followed by incubation with primary antibodies to Nav1.3, 1.7, 1.8, and 1.9 (1:400, Alomone Labs, Jerusalem, Israel) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:10000; Santa Cruz) at 4℃ overnight. The blots were subsequently incubated with secondary antibody horseradish peroxidase for 1 hour at room temperature. The intensity of each band was determined by quantitative chemiluminescence using an Amersham Imager 600 (GE Healthcare, Buckinghamshire, UK). Image J software (NIH) was used to quantify specific bands.

Verification of inflammation
----------------------------

To confirm inflammation of the infraorbital nerve induced by the CCI-ION, we measured the extravasated concentration of Evans blue dye bound to the plasma protein, as described previously \[[@B26][@B27]\]. At the conclusion of each experiment, the animals were anesthetized with ketamine (40 mg/kg) and xylazine (4 mg/kg). Evans blue dye (1% solution, 5 ml/kg) was injected into the right femoral vein. For 15 min following the injection of the dye, each rat was perfused with heparinized normal saline. The infraorbital nerve was dissected, weighed, and stored at −20℃ until the analysis was performed. The tissues were incubated overnight in a 7:3 mixture of acetone and 0.5% sodium sulfate solution at room temperature with intermittent shaking. After incubation, the samples were centrifuged at 300 rpm for 10 min and the supernatant was separated. The amount of dye present in each sample was analyzed by spectrophotometric measurement of the absorbance at 620 nm. The recovery of the extravasated dye per gram weight of tissue (mg/g) was calculated by comparing the absorbance of the supernatant with a standard curve. The standard curve was generated from a series of the same extraction solution mixed with known amounts of Evans blue dye.

Experimental protocols
----------------------

### The effects of QX-314-induced preemptive analgesia on trigeminal neuropathic pain

Single perineural application of 2% QX-314 (10 ml) to the injured area of the infraorbital nerve was performed immediately after the CCI-ION operation. Changes in air-puff thresholds were then measured. We also evaluated mechanical allodynia following the combined application of QX-314 with capsaicin (1 mg/10 ml) to the infraorbital nerve in rats following CCI-ION.

### Comparison between the effects of single or double treatment with QX-314 on mechanical allodynia

To examine the effects of double application of QX-314 on the development of trigeminal neuropathic pain, perineural application of 2% QX-314 to the injured area of the infraorbital nerve was performed again 12 h after the first application of QX-314. Air-puff thresholds were then measured.

### The effects of late treatment with QX-314 on mechanical allodynia

To investigate whether QX-314-induced prolonged analgesia attenuates the development of neuropathic mechanical allodynia when pain has been already established, we performed single and double applications of 2% QX-314 on POD 7. Changes in air-puff thresholds were then examined.

### The underlying mechanisms of the preemptive analgesia-induced anti-allodynic effects

Immediate double application of QX-314 produced significant anti-allodynic effects in rats following CCI-ION. To investigate the mechanisms involved, we examined whether QX-314-induced preemptive analgesia affects the infraorbital nerve inflammation produced by CCI-ION. The concentration of extravasated Evans blue dye was measured on POD 7 in rats that had received immediate double application of QX-314. We examined the changes in the expression of ATF3, a neuronal injury marker, in the trigeminal ganglion on POD 7 in the QX-314-treated rats. Changes in the expression of GFAP and p-p38 in the trigeminal ganglion were also investigated on POD 7 in rats who had received double applications of 2% QX-314.

### Participation of Nav isoforms of the trigeminal ganglion in preemptive analgesia-induced anti-allodynia

To investigate a role of Navs in the antinociceptive effects of QX-314-induced preemptive analgesia, we analyzed the expression of Nav1.3, 1.7, 1.8, and 1.9 in the trigeminal ganglion on POD 7 by western blot analysis in rats following CCI-ION after immediate double administration of 2% QX-314.

Chemicals
---------

QX-314 and capsaicin were purchased from Sigma (St Louis, MO). Capsaicin stock solution was prepared in 100% ethanol and diluted to the working concentration with 5% Tween 20 in sterile saline immediately before use. The final working concentration of ethanol was 3%. QX-314 was prepared in sterile saline.

Statistical analysis
--------------------

The differences between behavioral data were compared using repeated measures ANOVA followed by Holm-Sidak post hoc analysis. The western blotting data were analyzed by one-way analysis of variance followed by Holm-Sidak post hoc analysis. In all statistical comparisons, p\<0.05 was considered statistically significant. All data are presented as the mean±SEM.

RESULTS
=======

Preemptive application of QX-314 attenuates trigeminal neuropathic pain
-----------------------------------------------------------------------

We found that preemptive application of QX-314 attenuated neuropathic mechanical allodynia in rats following CCI-ION ([Fig. 1](#F1){ref-type="fig"}). CCI-ION produced severe mechanical allodynia that appeared on POD 1. Maximal CCI-ION-induced mechanical allodynia were observed on POD 7 and was maintained until at least POD 30. Vehicle treatment did not affect the mechanical allodynia produced by CCI-ION. However, a single application of 2% QX-314 immediately after nerve injury significantly attenuated the neuropathic mechanical allodynia (F~(3,24)~=30.300, p\<0.05). Treatment with QX-314 significant boosted early recovery from mechanical allodynia to the basal level compared with the mechanical allodynia observed following treatment with vehicle alone. Combined treatment of 2% QX-314 with capsaicin (1 mg) showed similar anti-allodynic effects to those observed following treatment with 2% QX-314 alone. Therefore, subsequent experiments were performed using QX-314 without capsaicin.

Comparison between single and double treatment with QX-314
----------------------------------------------------------

[Fig. 2](#F2){ref-type="fig"} illustrates the effects of double application of 2% QX-314 on neuropathic mechanical allodynia. Immediate double application of QX-314 significantly attenuated mechanical allodynia and boosted early recovery from mechanical allodynia to the basal level compared with the responses observed following a single application of QX-314 (F~(2,18)~=81.231, p\<0.05). Double application of QX-314 dramatically alleviated mechanical allodynia in the 10 days following injury of the infraorbital nerve.

The effects of QX-314 on mechanical allodynia when pain is already established
------------------------------------------------------------------------------

To investigate the effects of treatment with QX-314 when pain is already established, 2% QX-314 was applied on POD 7. Neither single nor double application of 2% QX-314 affected the CCI-ION-induced mechanical allodynia ([Fig. 3](#F3){ref-type="fig"}).

Underlying mechanisms of preemptive analgesia-induced anti-allodynic effects of QX-314
--------------------------------------------------------------------------------------

To investigate the mechanisms underlying the preemptive analgesia-induced anti-allodynic effects of QX-314, we measured the changes in the concentration of Evans blue dye extravasated from the infraorbital nerve after immediate double application of 2% QX-314 ([Fig. 4](#F4){ref-type="fig"}). The group that underwent CCI-ION showed a significant increase in the extravasated Evans blue dye concentration compared with the results in the sham group (132.3±15.1 mg, p\<0.05). However, double application of 2% QX-314 did not affect the extravasated Evans blue dye concentration compared with concentration observed in the vehicle group. We also investigated whether immediate double application of 2% QX-314 blocked the infraorbital nerve injury by analyzing changes in the level of ATF-3, a neuronal injury marker, in the trigeminal ganglion. CCI-ION significantly increased ATF-3 immunoreactivity (5.6±0.7 cells/section) in the trigeminal ganglion. However, double application of 2% QX-314 did not alter the number of cells with ATF-3 immunoreactivity (6.0±0.3 cells/section) in rats following CCI-ION ([Fig. 5](#F5){ref-type="fig"}).

We also examined the expression of GFAP and p-p38 in the trigeminal ganglion after injury to the infraorbital nerve on POD 7. CCI-ION upregulated the GFAP and p-p38 expression in the trigeminal ganglion. P-p38 labeling varies depending on the size of neuron (17% in small sized neurons; 50% in medium sized neurons; 33% in large sized neurons). Immediate double application of 2% QX-314 reduced the upregulation of GFAP and p-p38 expression in the trigeminal ganglion following CCI-ION. The upregulations of the area density of GFAP and p-p38 immunoreactivity were significantly decreased following treatment with QX-314, respectively ([Fig. 6](#F6){ref-type="fig"}). The increased p-p38 expression was co-localized with NeuN, a neuronal marker, but not with GFAP, a satellite glial cell marker ([Fig. 7](#F7){ref-type="fig"}).

Participation of Nav isoforms in preemptive analgesia-induced anti-allodynia
----------------------------------------------------------------------------

[Fig. 8](#F8){ref-type="fig"} illustrates the effects of preemptive application of QX-314 on the expression of Nav1.3, 1.7, 1.8, and 1.9 in the trigeminal ganglion. CCI-ION significantly increased the expression of Nav1.3, 1.7, and 1.9 (p\<0.05) but did not affect the expression of Nav1.8 (P=0.071) compared with the expression observed in the sham group. The sham operation did not affect the expression of Nav isoforms. Immediate double application of 2% QX-314 significantly inhibited the up-regulation of the expression of Nav1.3, 1.7, and 1.9 observed following CCI-ION (p\<0.05) but did not inhibit the CCI-ION-induced upregulation of Nav1.8 (p=0.355).

DISCUSSION
==========

The present study demonstrates that preemptive application of QX-314 reduced neuropathic mechanical allodynia in rats following CCI-ION through the inhibition of Nav isoform expression in the trigeminal ganglion. Immediate application of 2% QX-314 to the injured area of the infraorbital nerve significantly reduced neuropathic mechanical allodynia. Although preemptive application of QX-314 did not affect nerve injury-induced inflammation or ATF-3 expression in the trigeminal ganglion, it did attenuate the upregulation of GFAP and p-p38 expression in the trigeminal ganglion following CCI-ION. In addition, preemptive application of QX-314 significantly reduced the upregulated expression of Nav1.3, 1.7, and 1.9 induced by CCI-ION. These results provide a potential preemptive therapeutic strategy for the treatment of neuropathic pain following nerve injury.

Preemptive analgesia may decrease post-operative pain in the clinic. In previous clinical studies, preemptive administration of an analgesic agent has been shown to improve postoperative pain control in case of laparoscopic radical prostatectomy \[[@B28]\], thoracotomy \[[@B29]\], and third molar extraction \[[@B30][@B31]\]. Additionally, preemptive application of 1% lidocaine for 10 minutes prior to L4 and L5 bilateral dorsal rhizotomy significantly attenuates hindlimb mechanical allodynia in patients with failed back surgery syndrome \[[@B32]\]. In animal studies, pretreatment with intravenous ketamine inhibits inflammatory pain behavior and *c-fos* expression following formalin injection in rats as a preemptive analgesia \[[@B33]\] and intraperitoneal administration of diclofenac has preemptive analgesic effects on acute thermal pain and formalin-induced inflammatory pain in rats \[[@B34]\]. These results suggest that pretreatment with analgesics plays an important role in preemptive analgesia. In contrast to the beneficial role of preemptive analgesia, no beneficial effects of preemptive analgesia have been reported in postoperative pain control. Thoracic extradural block with bupivacaine does not produce an early preemptive effect following thoracotomy \[[@B35]\]. In an animal model, preincisional treatment is not more beneficial than postincisional treatment for postoperative pain relief \[[@B36]\]. The lack of effects of preemptive analgesia in these cases may be caused by central sensitization which is responsible for the secondary development of pain, including neuronal plasticity \[[@B37]\].

Our findings demonstrate that preemptive application of QX-314 inhibited neuropathic mechanical allodynia in rats following CCI-ION. These results suggest that preemptive or early pain control is a beneficial strategy for the treatment of neuropathic pain following nerve injury. QX-314 was selected to be used as a preemptive analgesic in this study because it produces long-lasting analgesia via co-administration with capsaicin, a TRPV1 agonist \[[@B8][@B9][@B10]\]. The rationale behind this combined treatment method is that the activation of TRPV1, which is peripherally expressed in primary afferent nociceptors \[[@B38][@B39]\], by capsaicin allows QX-314 to enter neurons. However, we found that the anti-allodynic effects produced by the combined treatment of 2% QX-314 with capsaicin were not different from those of QX-314 alone. This suggests that, under our experimental conditions, the application of QX-314 alone serves as a preemptive analgesic agent without capsaicin. Therefore, we used QX-314 alone as a preemptive analgesic agent for all of our subsequent experiments. We also carried out experiments blocking the transmission of nerve signaling through the application of lidocaine, as an alternative preemptive analgesics. However, preemptive application of lidocaine did not affect the development of trigeminal neuropathic pain. Preemptive application of QX-314, which has long lasting sensory blocking, produced a significant inhibition of the development of trigeminal neuropathic pain. Thus, our data suggest that long-lasting blockade of pain transmission immediately following nerve injury produces significant attenuation of the development of trigeminal neuropathic pain. Our present study is the first to demonstrate the usefulness of QX-314 as a preemptive analgesic agent in neuropathic pain control. The double application of 2% QX-314 dramatically reduced nerve injury-induced allodynia compared with the responses observed following a single application of 2% QX-314. Moreover, a single or double application of 2% QX-314 on POD 7, when pain is already established, did not affect neuropathic mechanical allodynia. These results suggest that QX-314-induced analgesia attenuates the development of neuropathic pain only when pain has not been established.

Satellite glial cells, the main type of glial cell in the sensory ganglia, respond to damage or inflammation of a sensory neuron by proliferating and expressing GFAP, similar to the glial responses observed in the spinal cord \[[@B40]\]. Nerve injury or inflammation leads to proliferation and hypertrophy of satellite glial cells. In these conditions, satellite glial cells upregulate various molecules, including neurotrophins, transforming growth factor-α, tumor necrosis factor-α, isolectin-B4, and functional gap junctions \[[@B40]\]. Our current data indicate that, following CCI-ION, GFAP expression is upregulated and that this upregulation is inhibited by QX-314-induced preemptive analgesia in the trigeminal ganglion. The participation of satellite cells in nerve injury or damage in the orofacial area has previously been reported. The expression of GFAP in satellite glial cells increases after axotomy of the infraorbital nerve \[[@B41]\], CCI-ION \[[@B42]\], and peripheral tooth injury \[[@B43]\]. These results, together with our present data, suggest that modulation of satellite cell activity in the trigeminal ganglion plays an important role in the attenuation of neuropathic pain in QX-314-induced preemptive analgesia. However, the underlying mechanism through which satellite cells are involved in preemptive analgesia should be investigated in through further study.

Our current results also showed that p-p38 expression was upregulated in the trigeminal ganglion following CCI-ION. In addition, the p-p38 immunoreactivity was localized to neurons in the trigeminal ganglion. In previous reports, p-p38 immunoreactivity has been shown to be elevated in dorsal root ganglion nociceptor neurons following spinal nerve ligation \[[@B44][@B45]\] and chronic constriction injury of the sciatic nerve \[[@B46]\]. Treatment with a p38 inhibitor has been shown to reduce neuropathic mechanical allodynia \[[@B44][@B45]\]. These results, together with our present findings, suggest that the upregulation of neuronal p-p38 participates in the development of neuropathic pain following CCI-ION.

The present study demonstrate that nerve injury increased GFAP expression in satellite cells and p-p38 expression in neuronal cells in the trigeminal ganglion. Preemptive application of QX-314 attenuated both the upregulation of GFAP expression in satellite cells and the upregulation of p-p38 expression in neuronal cells. The possible interrelationship between satellite glia and neuronal cells in the trigeminal ganglion has been already reported. Activation of satellite glial cells in the trigeminal ganglion leads to the hyper-activation of neurons via IL-1β, resulting in ectopic tooth pulp pain following tooth inflammation \[[@B47]\]. Moreover, functional interactions between neurons and satellite glial cells or neurons and neurons in the trigeminal ganglion are involved in the orofacial extraterritorial pain associated with trigeminal nerve injury \[[@B48]\]. These results suggest that a functional interaction between neurons and glial cells is critical in the persistent orofacial pain associated with orofacial inflammation and trigeminal nerve injury \[[@B49]\]. However the present data cannot exclude a possible underlying mechanisms that are produced by events independent of these two factors. Therefore, in order to fully elucidate the underlying cellular mechanisms involved, future studies are required.

Interestingly, a recent study reported that complete Freund\'s Adjuvant (CFA)-induced inflammatory pain increased the co-expression of CXCR5 and Nav1.8 in DRG neurons \[[@B50]\]. This co-expression was shown to be reduced by intrathecal administration of a p38 inhibitor \[[@B50]\]. Furthermore, TNF-α-mediated nociceptive hyperexcitability has been found to increase the expression of p38 dependent tetrodotoxin-resistant (TTX-r) sodium channels \[[@B51]\]. Modulation of p38-dependent TTX-r sodium channels may lead to the development of effective treatments for inflammatory pain \[[@B51]\]. The upregulation of p-p38 expression in neurons of the trigeminal ganglion should, therefore, be investigated to determine whether voltage-gated sodium channels participate in the anti-nociceptive effects of preemptive analgesia in rats following CCI-ION.

Navs, which are large transmembrane protein complexes composed of 9 different pore-forming α-subunits (Nav 1.1-Nav 1.9) and auxiliary β-subunits \[[@B52]\], exhibit distinct expression patterns and electrophysiological and pharmacological properties \[[@B53]\]. The findings obtained in our rat model of trigeminal neuropathic pain indicate that CCI-ION upregulated the expression of Nav1.3, 1.7, and 1.9 in the trigeminal ganglion. Navs in sensory neurons participate in the development of neuropathic pain in animal and clinical studies. Nav1.3 is upregulated in the peripheral and central nervous systems of rats following nerve injury, while its knockdown attenuates nerve injury-induced mechanical allodynia in the spared nerve injury model \[[@B54]\]. Nav1.7 is upregulated in the DRG of rats with painful diabetic neuropathy \[[@B55]\] and with chronic constriction injury of the sciatic nerve \[[@B56]\]. In addition, chronic constriction injury of the inferior alveolar nerve increases Nav1.7 expression in the trigeminal ganglion and subcutaneous injection of botulinum type A produces anti-allodynic effects through attenuation of upregulated Nav1.7 expression \[[@B24]\]. Moreover, Nav1.9 expression increases in the DRG after lumbar disc injury \[[@B57]\]. A previous clinical study demonstrated that missense mutations in Nav1.9 may be a cause of painful peripheral neuropathy \[[@B55]\]. These results suggest that modulation of the α-subunits of Nav in sensory neurons may be a viable strategy for the treatment of chronic pain conditions, including neuropathic pain \[[@B13][@B14][@B53]\]. Our present analysis demonstrates that p-p38 expression is observed in neuronal cells of varied sizes in the trigeminal ganglion following nerve injury. Western blot analysis revealed that nerve injury increased the expression of Nav isoforms in the trigeminal ganglion. Preemptive application of QX-314 attenuated trigeminal mechanical allodynia as well as the upregulated expression of Nav isoforms following CCI-ION. These results suggest that the up-regulated expression of p-p38 and Nav isoforms participates in the development of trigeminal neuropathic pain following nerve injury. Moreover, our present analysis demonstrates that preemptive application of QX-314 significantly inhibited the upregulation of Nav1.3, 1.7, and 1.9 expressions in the trigeminal ganglion in rats following CCI-ION. These results suggest that early or preemptive blockade of pain signals in the injured nerve area may inhibit the expression of all Nav isoforms in the trigeminal ganglion, thus playing an important role in the development of neuropathic pain in sensory neurons following nerve injury. In addition, long-lasting preemptive analgesia provides a powerful treatment strategy for preventing the development of neuropathic pain following nerve injury through the attenuation of upregulated Nav expression in the trigeminal ganglion. However, in order to fully differentiate the type of neurons that express p-p38, or the Navs isoforms, further studies will be needed.

We found, from our current analysis, that QX-314-induced preemptive analgesia did not alter the extravasated Evans blue dye concentration following CCI-ION. Furthermore, preemptive analgesia did not reduce the number of cell expressing ATF3, a neuronal injury marker. These results suggest that QX-314-induced preemptive analgesia does not seem to be mediated by the blockage of inflammation or nerve injury following CCI-ION.

In conclusion, QX-314-induced preemptive analgesia reduces the neuropathic mechanical allodynia and the upregulation of GFAP and p-p38 expression in the trigeminal ganglion in rats following CCI-ION. Moreover, QX-314 induces preemptive analgesia, significantly reducing upregulated expression of Nav1.3, 1.7, and 1.9 produced by CCI-ION. These results suggest that long-lasting preemptive analgesia inhibits neuropathic pain through the regulation of Nav isoform expression in the trigeminal ganglion. Importantly, these results provide a potential preemptive therapeutic strategy for the treatment of neuropathic pain following nerve injury.
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![The effects of a single application of 2% QX-314 on neuropathic mechanical allodynia in rats with chronic constriction injury of the infraorbital nerve (CCI-ION).\
CCI-ION produced significantly mechanical allodynia. Treatment with vehicle did not alter the CCI-ION-induced mechanical allodynia. Perineural application of QX-314 immediately following CCI-ION significantly reduced neuropathic mechanical allodynia. Combined treatment with capsaicin (1 mg) produced attenuation of neuropathic mechanical allodynia. However, the anti-allodynic effects following treatment with QX-314 in combination with capsaicin did not differ from these effects following treatment with QX-314 alone. Arrow, single application of QX-314. There were 8 animals in each group. ^\*^p\<0.05, vehicle- vs. QX-314- or cap+QX-314-treated group.](kjpp-22-331-g001){#F1}

![The effects of immediate double application of 2% QX-314 on CCI-ION-induced mechanical allodynia.\
Perineural double application of QX-314 immediately following CCI-ION significantly attenuated neuropathic mechanical allodynia compared with the effects of a single application of QX-314. Arrow, double application of QX-314. There were 8 animals in each group. ^\*^p\<0.05, vehicle- vs. QX-314 (single)-treated group. ^\#^p\<0.05, QX-314 (single)- vs. QX-314 (double)-treated group.](kjpp-22-331-g002){#F2}

![The effects of 2% QX-314 on CCI-ION-induced mechanical allodynia on POD 7.\
Single or double application of QX-314 did not affect neuropathic mechanical allodynia when pain was already established. Arrow, application of QX-314 on POD 7. There were 8 animals in each group.](kjpp-22-331-g003){#F3}

![The effects of immediate double application of 2% QX-314 on the concentration of extravasated Evans blue dye in rats following CCI-ION.\
CCI-ION produced a significant increase in the extravasated Evans blue dye concentration. However, QX-314-induced preemptive analgesia did not affect the extravasated Evans blue dye concentration. ^\*^p\<0.05, sham *vs.* vehicle+CCI-ION group. There were 6 animals in each group.](kjpp-22-331-g004){#F4}

![The effect of immediate double application of 2% QX-314 on the expression of ATF-3, a neuronal injury marker, in rats following CCI-ION.\
CCI-ION significantly increased the number of ATF-3-immunoreactive cells in the trigeminal ganglion. However, application of QX-314 did not affect the number of cells with ATF-3 immunoreactivity following CCI-ION. Scale bar, 200 µm.](kjpp-22-331-g005){#F5}

![The effects of immediate double application of 2% QX-314 on GFAP and p-p38 expression in the trigeminal ganglion.\
(A) CCI-ION upregulated GFAP and p-p38 expression on POD 7. Double application of QX-314 reduced the GFAP and p-p38 upregulation in the trigeminal ganglion following CCI-ION. Scale bar, 200 µm. (B, C) CCI-ION increases the area density of GFAP and p-p38 immunoreactivity compared to the immunoreactivity observed in the sham group. Treatment with QX-314 significantly decreases the upregulated area density of GFAP and p-p38 immunoreactivity. ^\*^p\<0.05, sham vs. CCI-ION group. ^\#^p\<0.05, CCI-ION vs. QX-314+CCI-ION groups.](kjpp-22-331-g006){#F6}

![Double immunostaining for p-p38 with NeuN (a marker of neuron) and GFAP (a marker of satellite cell) to determine the localization of p-p38 in the trigeminal ganglion.\
The double immunofluorescence signals revealed a co-localization of p-p38 with NeuN but not with GFAP. Scale bar, 100 µm.](kjpp-22-331-g007){#F7}

![The effects of preemptive analgesia on the expression of Navs1.3, 1.7, 1.8, and 1.9 in the trigeminal ganglion.\
CCI-ION significantly increased the expression of Nav1.3, 1.7, and 1.9 on POD 7 but did not affect the expression of Nav1.8. QX-314-induced preemptive analgesia significantly reduced the Nav1.3, 1.7, and 1.9 upregulation observed in rats following CCI-ION. GAPDH was used as an internal control. ^\*^p\<0.05, naive vs. CCI-ION group. ^\#^p\<0.05, CCI-ION vs. QX-314+CCI-ION groups. There were 6 animals in each group.](kjpp-22-331-g008){#F8}
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